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Abstract
Using the most recent results of CMS and ATLAS, we study the Higgs decays to γγ and Zγ in
the scenario where the two CP even Higgs predicted by the type II seesaw model (HTM) are
close to mass degenerate with a mass near 125 GeV. We analyse the effects of the Higgs potential
parameters constrained by the full set of perturbative unitarity, boundedness from below (BFB) as
well as from precision electroweak measurements on these decay modes. Our analysis demonstrates
that the observed excess in the diphoton Higgs decay channel can be interpreted in our scenario
within a delineated region controlled by λ1 and λ4 coupling. We also find a deviation in the Higgs
decay to Zγ with respect to the Standard Model prediction and the largest enhancement is found
for a ratio RZγ of the order 1.6. Furthermore we show that consistency with current ATLAS
data on the diphoton decay channel favours a light doubly charged Higgs with mass in the range
92−180 GeV. Finally, we find that the γγ and Zγ Higgs decay modes are generally correlated and
the magnitude of correlation is sensitive to the sign of the λ1 parameter.
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I. INTRODUCTION
The recent discovery of neutral scalar boson by ATLAS [1] and CMS [2] detectors at
the Large Hadron Collider (LHC) corresponds undoubtedly to the Higgs boson. All data
collected at 7 and 8 TeV supports the existence of Higgs signal with a mass around 125 GeV
with Standard Model (SM) like properties. While Higgs production and decays into WW*
and ZZ* are consistent with SM predictions, the data analyses still show a persisting devi-
ation in the γγ channel for the gluon and vector boson fusion productions. It is interesting
to consider theoretical contexts that can be reconciled with the current data, which means
scenarios that realise enhancement in the diphoton Higgs decay. Such enhancement has
recently been obtained in many studies based on SM model extensions which enlarge the
Higgs sector with the inclusion of additional scalar charged states, providing a more involved
and rich Higgs phenomenology. Among these the extensions involving Higgs scalar triplets
are particularly interesting well motivated models. The main motivation of the Higgs Triplet
Models (HTM) is related to the neutrino mass generation which relies on seesaw mechanism
[3]. Besides, a distinctive feature of HTM is the presence of exotic doubly charged state
which can provide a clean and spectacular signature at colliders [4–6]. On the other hand,
it has been shown that the doubly charged Higgs played an important role to reconcile the
h→ γγ enhancement observed at LHC [7, 8].
Recently, it has been emphasised that γγ like signal can be enhanced relative to the SM
as a result of cohabitation of two nearly degenerate Higgs bosons at the observed 125 GeV.
This possibility is particularly appealing and may be relevant as the experimental resolution
cannot resolve yet the structure of two overlapping peaks. In [9], the NMSSM has been used
as prototype model to show that the observed deviations from unity have strong potential
to reveal the existence of almost degenerate resonances in the γγ signal. Also, in the context
of 2HDM, two mass degenerate scalars consisting of a CP even Higgs h and a CP odd Higgs
A, can well reproduce γγ enhancement without affecting the WW and ZZ signal [10]. In
this work, we extend previous analyses of the Higgs decay to diphoton in the type II seesaw
[7, 8, 12–19] to the scenario where the two CP even Higgs are nearly degenerate. A tentative
to consider this situation in the Higgs Triplet Model (HTM) with Y = 2 has been done in
[11, 20]. The former is one of the first to discuss the mass splitting between the two CP-even
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Higgs bosons and its dependence on their mixing angle. More importantly, it studied the
prospects for detection of these neutral higgses several search channels at the LHC in the
maximal mixing scenario. The latter used a simplified formulation which only reproduces
the results of unmixed neutral case providing suppressed relative branching ratio into γγ
mode disfavoured by the current LHC measurements.
This paper is organised as follows. In section 2, we review the main features of Higgs
Triplet Model and present the full set of constraints on the parameters of the Higgs potential.
Section 3 is devoted to the HTM scenario in the case where the two CP even Higgs are close
to degenerate. Here we perform a double analysis for Higgs decays to γγ and to Zγ. We
summarise our main results in section 4.
II. REVIEW OF THE TYPE II SEESAW MODEL
A. The Higgs Triplet Model
Extension of the Higgs content by a real scalar triplet with hypercharge Y∆ = 2 imple-
ments the type II seesaw mechanism in the Standard Model. In this case the most general
SU(2)L × U(1)Y gauge invariant scalar potential for the Higgs Triplet Model (HTM) reads
as [4, 21] :
V = −m2HH†H +
λ
4
(H†H)2 +M2∆Tr(∆
†∆)
+λ1(H
†H)Tr(∆†∆) + λ2(Tr∆†∆)2 + λ3Tr(∆†∆)2
+λ4H
†∆∆†H + [µ(HT iτ2∆†H) + hc] (2.1)
with ∆ and H are the Higgs triplet and doublet respectively, given by:
∆ =

 δ+/
√
2 δ++
δ0 −δ+/√2

 and H =

 φ+
φ0

 (2.2)
This general potential has 10 independent parameters : two vev’s (vd, vt), the µ param-
eter, five λ′s, plus m2H , and M
2
∆. We assume that all the potential parameters are real.
When the electroweak symmetry is spontaneously broken the Higgs doublet and Triplet
fields acquire theirs vacuum expectation values.
〈H〉 = 1√
2

 0
vd

 , 〈∆〉 = 1√
2

 0 0
vt 0

 (2.3)
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including the W and Z masses, m2W = g
2v2/4, with v2 = (v2d+2v
2
t ) ≈ (246 GeV)2. The min-
imization conditions that define the vacuum expectation values in terms of the parameters
of the potential are
4m2H − λv2d + 4
√
2µvt − 2(λ1 + λ4)v2t = 0 (2.4)
2M2∆vt −
√
2µv2d + (λ1 + λ4)v
2
dvt + 2(λ2 + λ3)v
3
t = 0 (2.5)
Explicitly, three of the ten degrees of freedom in the Higgs Triplet Model correspond to the
three Goldstone bosons (G±, G0) and the remaining seven become physical Higgs bosons,
consisting of: three neutral scalars, h0, H0 (CP-even) and A0 (CP-odd), which are mixtures
of the neutral component of doublet and triplet fields, and a pair of charged H± and H±±
with masses mh0 , mH0 , mA0 , mH± and mH±± respectively. These symmetric matrices are
diagonalised by the following two orthogonal matrices :
Rα =

 cosα − sinα
sinα cosα

 , Rβ =

 cos β − sin β
sin β cos β

 and Rβ′ =

 cos β ′ − sin β ′
sin β
′
cos β
′

(2.6)
where the mixing angles β, β ′ and α are given by :
tan β = 2
vt
vd
, tanβ ′ =
√
2
vt
vd
and tan 2α =
2B
A− C . (2.7)
The coefficients A,B and C are the entries of the CPeven mass matrix
M2CPeven =

 A B
B C

 (2.8)
where
A =
λ
2
v2d, B = vd(−
√
2µ+ (λ1 + λ4)vt), C =
√
2µ v2d + 4(λ2 + λ3)v
3
t
2vt
(2.9)
We are thus left with seven independent parameters; namely λ, (λi)i=1,...,4, µ, and vt.
Equivalently, we can instead choose mh0, mH0 , mA0 , mH±, mH±±, vt, and α, as the seven
independent parameters. One can easily relate the physical scalar masses and mixing angles
from Eq. (2.1) to the potential parameters, λ, λi, µ and vi, and invert them to obtain λ, λi
and µ in terms of the physical scalar masses and the mixing angle α [21].
The seven independent parameters are usually chosen as λ, λi=1...4, µ and M∆ (or λ,
λi=1...4, µ and vt). After using the minimisation conditions, the 10 × 10 squared mass
matrix,
M2 = 1
2
∂2V
∂2η2i
|∆=〈∆〉,H=〈H〉 (2.10)
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can be recast, using Eqs. (2.4-2.5), in a block diagonal form of one doubly-degenerate eigen-
value mH±± and four 2× 2 matrices denoted by M2±, M2CPeven and M2CPodd. The masses of
the various Higgses are given by :
m2H±± =
√
2µυ2d − λ4υ2dυt − 2λ3υ3t
2vt
(2.11)
m2H± =
υ2[2
√
2µ− λ4υt]
4υt
(2.12)
m2A0 =
µ(υ2d + 4υ
2
t )√
2υt
(2.13)
m2h0 =
A+ C −
√
(A− C)2 + 4B2
2
(2.14)
m2H0 =
A+ C +
√
(A− C)2 + 4B2
2
(2.15)
Notice that the CP even Higgs masses strongly depend on the values of λ coupling and µ
parameter, while the mass of singly and doubly charged Higgs are only sensitive to the λ4.
At this level we must stress that rather than assuming µ around the GUT scale, together
with µ ≃ M∆, we have found small values of µ which are consistent, at TeV scale, with
a tiny value of vt, necessary for realistic neutrino masses. The latter scenario for type II
seesaw models is appealing since it is accessible to collider experiments.
B. Theoretical and experimental constraints
The HTM Higgs potential parameters are not free but have to obey several constraints
originating from theoretical requirements and experimental data. Thus any phenomenolog-
ical studies are only reliable in the allowed parameter space.
First, recall that the LEP direct search results in the lower bounds mA0,H0 > 80 − 90
GeV for models with more than one doublet in the case of the neutral scalars. As to charged
scalars triplets, mH±,H±± > 80−100 GeV if the charged Higgs decays dominantly to leptons
for general models with triplet.
Second, in HTM the ρ parameter at level is given by the formula, ρ ≃ 1 − 2v2t
v2
d
which
indicates a deviation from unity. Consistency with the current limit on ρ from precision
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measurements [22] requires that the extra contribution δρ = −2v2t
v2
d
coming from Higgs scalar
triplet should be negative and smaller than the limit |δρ| ≤ 10−3. At the 2 σ level, the
quoted number of ρ parameter ρ0 = 1.0004
+0.0029
−0.0011 [22] is well consistent with a negative δρ.
Moreover, relaxing the Higgs direct limit leads to ρ0 = 1.0008
+0.0017
−0.0010, again compatible with
δρ < 0. Further, we see that these experimental values place an upper limit on vt below
≤ 5 GeV.
As to the theoretical constraints on the parameter space, we should take into account the
perturbativity constraints on the λi as well as the stability of the electroweak vacuum that
ensure that the potential is bounded from below (BFB).
For later use in the degenerate scenario, let us first recall the full set of constraints as
obtained in [21]:
BFB:
λ ≥ 0 & λ2 + λ3 ≥ 0 & λ2 + λ3
2
≥ 0 (2.16)
& λ1 +
√
λ(λ2 + λ3) ≥ 0 & λ1 +
√
λ(λ2 +
λ3
2
) ≥ 0 (2.17)
& λ1 + λ4 +
√
λ(λ2 + λ3) ≥ 0 & λ1 + λ4 +
√
λ(λ2 +
λ3
2
) ≥ 0 (2.18)
Unitarity:
|λ1 + λ4| ≤ κπ (2.19)
|λ1| ≤ κπ (2.20)
|2λ1 + 3λ4| ≤ 2κπ (2.21)
|λ| ≤ 2κπ (2.22)
|λ2| ≤ κ
2
π (2.23)
|λ2 + λ3| ≤ κ
2
π (2.24)
|λ+ 4λ2 + 8λ3 ±
√
(λ− 4λ2 − 8λ3)2 + 16λ24 | ≤ 4κπ (2.25)
|3λ+ 16λ2 + 12λ3 ±
√
(3λ− 16λ2 − 12λ3)2 + 24(2λ1 + λ4)2 | ≤ 4κπ (2.26)
|2λ1 − λ4| ≤ 2κπ (2.27)
|2λ2 − λ3| ≤ κπ (2.28)
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where the parameter κ takes the values κ = 8 or 16.
These two sets of BFB and unitarity constraints can be reduced to a more compact analytical
set where the allowed ranges for the λ’s are precisely identified:
0 ≤ λ ≤ 2
3
κπ (2.29)
λ2 + λ3 ≥ 0 & λ2 + λ3
2
≥ 0 (2.30)
λ2 + 2λ3 ≤ κ
2
π (2.31)
4λ2 + 3λ3 ≤ κ
2
π (2.32)
2λ2 − λ3 ≤ κπ (2.33)
and,
|λ4| ≤ min
√
(λ± 2κπ)(λ2 + 2λ3 ± κ
2
π) (2.34)
|2λ1 + λ4| ≤
√
2(λ− 2
3
κπ)(4λ2 + 3λ3 − κ
2
π) (2.35)
We stress here that these constraints are very restrictive conditions on the allowed range
of the parameter space. All values presented in the plots of our subsequent analysis are
consistent with all theoretical and experimental bounds described in this section.
III. DEGENERATE HIGGS BOSONS SCENARIO IN HTM
In this section we will focus our analysis on the CP-even neutral Higgs bosons h0 and
H0 with nearly degenerate mass. First, we will study analytically several salient features of
Higgs potential in this scenario. Particularly, emphasis will be put on λ, µ, vt parameters,
and on the mixing angle α and how their relations evolve near deneneracy. These relations
would be very useful for subsequent phenomenological analysis. Then, we will see how the
excess observed by LHC experiments in the Higgs decays to diphoton and to Zγ can be
interpreted in our scenario.
Other theoretical constraints modify in the degenerate case and new interesting relations
among the Higgs potential parameters are derived in the appendix, specially the bounds on
singly and doubly charged Higgs bosons.
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A. Analytic study
From the CP-even Higgs mass matrix given in Eq. (2.8), the two eigenvalues λ± repre-
senting the squared masses of h0 and H0, are defined as:
λ± =
A+ C ±√(A− C)2 + 4B2
2
. (3.1)
where h0 is supposed to be lighter than H0.
In this scenario, the difference of masses ∆M between the two neutral Higgs H0 and h0
is set to about 2 GeV, corresponding to the detector inability to resolve two nearly Higgs
signals. If we note Mex the experimental Higgs boson mass, then we have:
λ+ − λ− = (MH0 −Mh0)(MH0 +Mh0) ≈ (MH0 −Mh0)2Mex = 2Mex∆M.
So
√
(A− C)2 + 4B2 ≤ 2Mex∆M , which reduces to,
|(λ1 + λ4)vt − µ
√
2| ≤ Mex∆M
vd
, (3.2)
when A = C. Numerically, the ratio
Mex∆M
vd
is roughly equal to 1 GeV for a Higgs mass
about 125 GeV. This tell us that the parameters µ and vt should be of the same order.
Besides, by setting A = C and for small x = vt/vd, the square root in the numerator of
Eq. (3.1) simplifies to 2|B| = 2vd|(λ1 + λ4)vt − µ
√
2|, providing the following eigenvalues
formula,
λ± =
λv2d
4
+
µ
√
2v2d
4vt
± vd|(λ1 + λ4)vt − µ
√
2|. (3.3)
Now, we can also describe the CP-even neutral Higgs masses degeneracy as mH0 = Mex(1+
H) and mh0 =Mex(1+h), where H and h are numerical parameters such that (H−h)Mex =
∆M . Hence |H| and |h| ≤ ∆M
2Mex
≈ 8× 10−3. Then λvt − µ
√
2 = 2vt
M2ex −m2A0
v2d
+ O(x)
though the right formula is λvt − µ
√
2 = 4(λ2 + λ3)vdx
3. Similarly, for the CP odd Higgs
mass, we write mA0 = Mex(1 + a), where a denotes a numerical parameter. Then one gets:
λvt − µ
√
2− 4(λ2 + λ3)vd(vt/vd)3 = 2(−2a + h+H)Mex(vt/vd)2 +O(vt/vd)3.
This implies that 2a ≈ h+H , which means that all the three neutral Higgs masses are close
to the experimental mass Mex with the following hierarchy mH0 ≥ mA0 ≥ mh0, and such
that m2H0 +m
2
h0 ≈ 2m2A0 .
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Owing to these results, and within the approximation where vt is much smaller than vd,
we easily derive the very useful relation,
µ
λ
≈ vt√
2
, which constrains the two potential pa-
rameters µ and λ. Also, for the present values of Mex and vd, the ratio
µ
λ
is approximately
equal to 0.375, which supports our previous remark that vt and µ have the same magni-
tude. It is also noticeable that the mass of the CP-odd neutral field, given by Eq. (2.13),
m2A0 =
µ(v2d + 4v
2
t )√
2vt
reduces to M2ex(1 +
4v2t
v2d
) for vt/vd small, in agreement with the earlier
analysis. This also means that the parameter a is about
2v2t
v2d
, two or three orders of magni-
tude less than the bounds on H and h, suggesting that H and h should have different signs
with the following hierarchy mH0 ≥ Mex ≥ mh0 . Further, the two small parameters H and
h can be recast in a more precise way as H = 2
v2t
v2d
+
∆M
2Mex
and h = 2
v2t
v2d
− ∆M
2Mex
.
Now we focus on the distinctive properties of the mixing angle α between the neutral com-
ponents of the doublet and triplet Higgs fields. We know that α is close to π/4 in the
degenerate scenario since tan 2α is almost infinite. Moreover, from Eqs. (7.22,7.23) [21], we
have α ≈ ±π
4
± 2 vt
vd
and sinα ≈ ± 1√
2
±
√
2
vt
vd
, because the parameter µ¯ ≈ 2
√
2m2Avt
v2d
≈ µ
for small x = vt/vd as seen in Eq. (2.13). The precise signs depend on the ν parameter, as
defined in Eq. (7.1) of [21] and on B given by Eq. (2.9). By assuming that −π/2 < α < pi/2,
we must also consider that:
• The sign of B must be opposite to the sign of sinα, that is −α, as shown in [21].
• The sign of ν is relevant to determine the mixing angle near the degeneracy, Eq. (7.23)
[21].
Indeed by writing α±(ǫ) = ±π
4
− ǫ2x, with x = vt/vd and ǫ = ±1, we find that:
• B = −(m2H0 −m2h0) cosα sinα has the same sign of − sinα. Besides B is approximated by
B = ±(m
2
H0 −m2h0) cos 4x
2
which shows, for small x, that B is positive for α− and negative
for α+.
• ν = m
2
H0 −m2h0
2x
(4x cos 2α− sin 2α) and the sign of ν is the sign of 4x cos 2α− sin 2α.
At this level, note that all these considerations are not sufficient to say more about the
mixing angle α. We postpone to the appendix a tentative to catch this angle owing to the
BFB conditions Eqs. (2.16-2.18).
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B. Phenomenological analysis
In this subsection we explore the analysis of the Higgs decays to diphoton and and to Zγ
in HTM where the neutral Higgs states are nearly mass degenerate.
In the SM, the partial decay widths of scalar h [24] is given by :
Γ(h→ γγ) = Gµα
2M3h
128
√
2π3
∣∣∣∣
∑
f
NcQ
2
fA
h
1/2(τf ) + A
h
1(τw)
∣∣∣∣
2
(3.4)
with the amplitudes for spin-1
2
and spin-1 particles given by:
Ah1
2
(τ) = +2[τ + (τ − 1)f(τ)] τ−2
Ah1(τ) = −[2τ 2 + 3τ + 3(2τ − 1)f(τ)] τ−2 (3.5)
and the function f(τ) defined as,
f(τ) =


arcsin2
√
τ τ ≤ 1
−1
4
[
log
1 +
√
1− τ−1
1−√1− τ−1 − iπ
]2
τ > 1
(3.6)
In the HTM, this decay width becomes:
Γ(H → γγ) = Gµα
2M3H
128
√
2π3
∣∣∣∣
∑
f
NcQ
2
fgHffA
H
1/2(τf ) + gHV VA
H
1 (τW )
+g˜HH±H∓A
H
0 (τH±) + 4g˜HH±±H∓∓A
H
0 (τH±±)
∣∣∣∣
2
(3.7)
where H is a generic notation for h0 and H0. The amplitudes AH1/2, AH1 are defined below,
whereas AH0 for spin-0 particle is defined as [25],
AH0 (τ) = −[τ − f(τ)] τ−2 (3.8)
τi = m
2
H/4m
2
i (i = f, w,H
±, H±±) are the phases space functions. The reduced couplings
gHff and gHV V of the Higgs bosons to fermions and W bosons are given in Tab.I, while the
trilinear dimensionless couplings g˜HH±±H∓∓ and g˜HH±H∓ to charged Higgs bosons are related
to the couplings in the Lagrangian, L = gHH±H∓HH+H−+ gHH±±H∓∓HH++H−−+ . . . , as:
g˜HH++H−− = −sw
e
mW
m2H++
gHH++H−− (3.9)
g˜HH+H− = −sw
e
mW
m2H+
gHH+H− (3.10)
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where the HTM trilinear couplings gh0H+H−; gh0H++H−− are given for the light CP-even Higgs
boson by:
gh0H++H−− = −{2λ2vtsα + λ1vdcα}
gh0H+H− = −1
2
{
{4vtλ+23c2β′ + 2vtλ1s2β′ −
√
2λ4vdcβ′sβ′}sα
+{λ vds2β′ + λ˜+14vdc2β′ + (4µ−
√
2λ4vt)cβ′sβ′}cα
}
(3.11)
with λ˜+14 = 2λ1 + λ4, and λ˜
+
23 = λ2 + λ3, where for the heavy Higgs boson, these couplings
are obtained simply from the above couplings by the substitutions
gH0H++H−− = gh0H++H−− [cα → −sα, sα → cα] (3.12)
gH0H+H− = gh0H+H−[cα → −sα, sα → cα] (3.13)
H g˜Hu¯u g˜Hd¯d g˜HW+W−
h0 cα/cβ′ cα/cβ′ +e(cα vd + 2sα vt)/(2sW mW )
H0 −sα/cβ′ −sα/cβ′ −e(sα vd − 2cα vt)/(2sW mW )
TABLE I. The CP-even neutral Higgs couplings to fermions and gauge bosons in the HTM relative
to the SM Higgs couplings, α and β′ denote the mixing angles respectively in the CP-even and
charged Higgs sectors, e is the electron charge, mW the W gauge boson mass and sW the weak
mixing angle [7].
For the Higgs decay into Zγ, the SM partial width is given by :
Γ(h→ Zγ) = G
2
µM
2
W αM
3
h
64 π4
(
1− M
2
Z
M2h
)3 ∣∣∣∣
∑
f
Qf vˆfNc
cW
Fh1/2(τf , λf) + Fh1 (τW , λW )
∣∣∣∣
2
with now τi = 4M
2
i /M
2
H , λi = 4M
2
i /M
2
Z and the amplitude factors are of the form :
FH1/2(τ, λ) = [I1(τ, λ)− I2(τ, λ)] (3.14)
FH1 (τ, λ) = cW
{
4
(
3− s
2
W
c2W
)
I2(τ, λ) +
{(
1 +
2
τ
)
s2W
c2W
−
(
5 +
2
τ
)}
I1(τ, λ)
}
(3.15)
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with vˆf = 2I
3
f − 4Qfs2W . The functions I1 et I2 are given by :
I1(τ, λ) =
τλ
2(τ − λ) +
τ 2λ2
2(τ − λ)2
[
f(τ−1)− f(λ−1)]+ τ 2λ
(τ − λ)2
[
g(τ−1)− g(λ−1)](3.16)
I2(τ, λ) = − τλ
2(τ − λ)
[
f(τ−1)− f(λ−1)] (3.17)
These functions can be expressed in terms of three-point Passarino-Veltman scalar functions
[26] as :
C0,2(m
2) ≡ C0,2(M2Z , 0,M2H, m,m,m) ∝
1
m2
I2,1(τ, λ)
where C0 and C2 are scalar integrals given often by C2 ≡ C11 + C23 (see Ref. [27]). the
function f(τ) is defined above in Eq. (3.6) whereas the g(τ) function can be expressed as
g(τ) =


√
τ−1 − 1 arcsin√τ τ ≥ 1√
1− τ−1
2
[
log
1 +
√
1− τ−1
1−√1− τ−1 − iπ
]
τ < 1
(3.18)
In the HTM, the charged contributions to H → Zγ decay width reads as :
Γ(H → Zγ) = G
2
µM
2
W αM
3
H
64 π4
(
1− M
2
Z
M2H
)3 ∣∣∣∣
∑
f
Qf vˆfNc
cW
gHff FH1/2(τf , λf)
+ gHWW FH1 (τW , λW ) (3.19)
+ gZH+H− g˜HH±H∓ FH0 (τH± , λH±) + gZH±±H∓∓ g˜HH±±H∓∓ FH0 (τH±± , λH±±)
∣∣∣∣
2
the FH0 (τH± , λH±), FH0 (τH±±, λH±±) factors reflecting the charged contributions for Γγ Z can
be read in terms of the function I1(τ, λ) previously defined as follows:
FH0 (τH± , λH±) = 2I1(τH± , λH±) , FH0 (τH±± , λH±±) = 4I1(τH∓± , λH∓±) (3.20)
The reduced couplings for the CP-even Higgs bosons and the charged Higgs are as above,
where the gZH±H∓ , gZH±±H∓∓ trilinear couplings can be expressed as :
gZH±H∓ = −1
2
[−(c2w s2β′ ) + (2c2β′ + s2β′ ) s2w]/(sw cw) (3.21)
gZH±±H∓∓ = +[1− 2 s2w]/(sw cw) (3.22)
It is obvious that the contributions of the H±± and H± loops depend on the details of the
scalar potential. The phase space functions A0 and F′ involve the scalar masses mH, mH±,
and mH±± , while gHH+H−; gHH++H−− are sensitive to several Higgs potential parameters.
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Since the interference between the charged scalar loop contributions and those of the W±
and f(= t, b, c, τ) loops depend on the sign of gHH+H− and gHH++H−−, one would achieve
either an enhancement or suppression of the H → γγ, Zγ decay modes with respect to SM
predictions.
Hereafter we focus our analyse on the scenario where the two CP-even Higgs bosons h0
and H0 are nearly mass degenerate. In this scenario, the charged Higgs boson loops are
included and the gHww, gHf¯f couplings given in Tab.I are used. In order to infer limits on
the parameters of our model from the experimental searches, we define the signal strengths
by the ratios of the observed σγγ,Zγ/σγγ,ZγSM and compare it to the following quantities :
Rγγ = Rγγ(h
0) +Rγγ(H
0) =
ΓHTMh0→ gg × BRHTMh0→γγ + ΓHTMH0→ gg × BRHTMH0→γγ
ΓSMΦ→ gg × BRSMΦ→γγ
(3.23)
RZγ = RZγ(h
0) +RZγ(H
0) =
ΓHTMh0→ gg × BRHTMh0→Zγ + ΓHTMH0→ gg × BRHTMH0→Zγ
ΓSMΦ→ gg × BRSMΦ→Zγ
(3.24)
which require to compute the production cross section times the Higgs branching ratios to
γγ and Zγ relative to their corresponding values for the SM Higgs boson. The computation
are performed by interfacing Feynrules with FormCalc. The current signal strength in the
pp→H → γγ channel is 1.57+0.33−0.28 (ATLAS) [28] and 0.78+0.28−0.26 (CMS) [29]. Although CMS
measurements is consistent with the Standard Model expectation within 1σ, ATLAS still
observes almost 2σ excess in this channel. Furthermore, we can see that the reported errors
are still quite large. Therefore, it is worth to investigate whether the excess in the diphoton
channel along with the wide range of Rγγ can be interpreted in the scenario where both CP-
even Higgs bosons h0 and H0 appear in the γγ signal, with Mh0 ≈MH0 .
As to pp→H → Zγ channel, no excess has been observed by LHC experiments and the
current analyses provide only upper limits on the signal strengths, µ ≤ 11 (ATLAS) [30]
while µ ≤ 9 (CMS) [31].
In our numerical evaluation we use the following experimental input parameter: GF =
1.166 × 10−5 GeV−2, α−1 ≈ 128, mZ = 91.1875 GeV, mW = 80.45 GeV, mt = 173.39 GeV
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and MH = 125 GeV with ∆M ≤ 2 GeV. The Higgs mass fixes the Higgs self coupling to
λ = 0.53. The total width of the Higgs boson is computed including leading order QCD
corrections as given in [32] as well as the off-shell decays H →WW ∗ and H → ZZ∗ [33]. We
also assume vt = 1 GeV and µ = 0.37− 0.4 GeV, these values satisfy the condition µ
λ
≈ vt√
2
resulting from the nearly mass degeneracy of two CP-even Higgs bosons as discussed in Sec.
III.
For the singly charged Higgs mass we use the LEP II latest bound, mH± ≥ 88 GeV
[23] as well as the limits established by the LHC mH± ≤ 666 GeV [34, 35]. In the case
of the doubly charged Higgs masses, we take into account the recent experimental upper
limits mH±± ≥ 409 GeV [36] and mH±± ≥ 445 GeV [37], reported by ATLAS and CMS
respectively, assuming 100% branching ratio for H±± → l±l± decay. Notice that in realistic
cases one can easily find scenarios where this decay channel is suppressed with respect to
H±± →W±W±(∗) [38–40] which could invalidate partially the LHC limits. In HTM analysis
with relatively large triplet’ VEV, vt ≈ 1 GeV, the H±± → W±W±∗ decay channel can still
overpass the two-sign same lepton channel for mH±± and the limit goes down all the way to
100 GeV [41–44]. We will consider this value as a nominal lower bound in our subsequent
numerical discussion.
As discussed above the analysis hereafter focuses on the most relevant potential parame-
ters (λ1, λ4) taking into account the unitarity and BFB constraints as well as the relations
on potential parameters resulting from mass degeneracy of the neutral Higgs bosons. First,
from Eqs.(3.11-3.13) notice that the Higgs couplings to the scalar triplet H± and H±± are
sensitive to λ1 parameter. Variation of λ1, with fixed λ4, enhances (reduces) these trilin-
ear couplings (gHH±H∓ and gHH±±H∓∓), leading to a destructive (constructive) interference
between loop contributions. One can also see that the magnitude of H±± contribution is
more important than H± one, due to a factor 4 coming from its doubled electric charge and
to its reduced mass in most of the parameter space where Rγγ,Zγ is enhanced. Furthermore
since mH± and mH!±± contributions also depend on λ4, we find that mH± ≥ mH±± when
λ4 is positive, while this hierarchy is reversed for negative λ4. In the former case, the
enhancement ( Rγγ,Zγ ≥ 1) reduces H±± and H± leading to boosted couplings that scale
like the inverse second power of these masses. To illustrate this point, we show that varying
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λ4 between −3 and 1 decreases mH±± from 328 to 92 GeV, while for −1 < λ4 < 0 the
mH±± reduces to smaller values in the range 216 to 127 GeV.
We plot in Fig. 1 Rγγ and RZγ , defined in Eqs. (3.23-3.24), as a function of λ1 for various
values of mH±± . Since the H
±± and H± contribution are shutdown for vanishing λ1, the
trilinear couplings being very small, the SM contributions are dominant In this case. When
λ1 moves to small values centred at zero, with a relatively light charged Higgses, a large
enhancement is achieved in the H → γγ decay channel leading to a magnitude of Rγγ that
can goes up to 3.5. The current ATLAS data on this decay mode favours a light doubly
charged Higgs with mass mH±± ≤ 180 GeV. Similar behaviour is seen for the H → Zγ
decay channel (Fig. 1-b) but in this case the deviation is very slight and the magnitude of
RZγ do not exceeds 60% with respect to the SM prediction.
Illustrating the behaviour seen in previous analysis we show in Fig. 2 a scatter plot in the
(λ1, λ4) plane for Rγγ and RZγ ratios with variation of the singly (doubly) charged Higgs
masses in the range [110, 240] GeV corresponding to −3 < λ4 < 1 ([92, 328] GeV) respec-
tively. Clearly one can delineate the regions of the parameter space where Rγγ deviates from
the Standard Model. The figure in the right panel demonstrates that significant enhance-
ment is achieved when both λ1 and λ4 move towards small values and shows explicitly the
relevant regions of (λ1, λ4) which are consistent with current ATLAS measurement within
1σ (red) and 2σ (green). For instance, one can see that agreement with ATLAS diphoton
data at 2σ requires their values to lie in the ranges [−0.6, 0.1] and [−0.5, 0.25] respectively.
In Fig. 3 we plot the ratios versus the absolute value of sinα for various values of λ4.
As one can appreciate our results are relatively sensitive to variation of this mixing angle
within the interval [0.4, 0.75] corresponding to the nearly mass degenerate scenario. The
grey (yellow) region represents the non degenerate case where h0 (H0) is the SM like Higgs
respectively. This figure shows a suppression in both decay modes with almost constant
ratios, Rγγ < 0.5 and RZγ < 0.9, for most of sinα range (0.4 < sinα < 0.65), except for
very narrow interval in the vicinity of sinα ≈ 0.75 where Rγγ,Zγ drop quickly exceeding
SM values. We also note that Rγγ,Zγ are almost unaffected by λ4 when λ4 ≥ 0.25, but a
significant (moderate) enhancement of H → γγ (H → Zγ) is reached for λ4 getting small
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negative values in the interval [−0.5, 0.25] which are equivalent to light H±± bosons with
mass bellow 215 GeV. These results disagree with the analysis performed by Franck et al.
[20] for degenerate case where they found a suppressed γγ signal for sinα lying anywhere
between 0 to 1. The latter is a trivial scenario since it reproduces exactly the unmixed
case (sinα = 0), furthermore it is incompatible with LHC measurements. In the case of
H → Zγ decay channel, they found that RZγ is almost insensitive to sinα with some modest
enhancement for small mixing 0 < sinα < 0.2.
Fig. 4 illustrates the same ratios as a function of the doubly charged Higgs mass mH±±
for different values of λ1. We see again that positive deviations from SM happen when
the doubly charged Higgs gets a mass smaller than 180 GeV with λ1 in the vicinity of
0 or negative. In this case, deviations of more than 200% for Rγγ and 60% for RZγ are
possible. This feature is clearly indicated in the contour plots of Rγγ in the (mH , mH±±) in
Fig. 5. which shows that 2σ consistency with ATLAS observed excess in diphoton channel
constrains mH±± to be in the range 92− 180 GeV.
It is also interesting to comment on the correlation between the two channel h→ γγ and
h→ Zγ. Fig. 6 shows two main features: First, except a narrow region disfavoured by LHC
measurements, these two decay modes are generally correlated. Second the correlation is
very sensitive to the sign of the λ1.
One last comment is in order. Let us see what happens when the triplet’ VEV increases
in this scenario. From Fig. 7 we see that enhancements in both decay channels gradually
reduce when vt becomes larger than 1 GeV and disappear once vt exceeds 3.5 GeV.
IV. CONCLUSIONS
The LHC has impressive sensitivity to Higgs bosons decays to two photons with a large
branching ratio. Observation of this photonic decay mode (H → γγ) with a rate significantly
above that expected for the Standard Model Higgs boson is a remarkable step toward new
physics. Also, the decay mode H → Zγ is complementary to the diphoton channel and may
provide additional valuable information on Higgs properties.
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We have calculated the branching ratio for these Higgs channels in the framework of the
htm in the scenario where the two CP even Higgs are almost mass degenerate. Our analysis
takes into account the full set of experimental and theoretical constraints including pertur-
bative unitarity as well as vacuum stability constraints on the scalar potential parameters.
.
In the Standard Model the decays h→ γγ and h→ Zγ are assumed to be mediated solely
by loops involvingW± and fermions. In SM extension to HTM model, loop contributions are
affected from charged scalar Higgses. Such contributions provide substantial enhancement
for the γγ decay mode branching ratio, so 1 < Rγγ < 3, when λ1 get rather small and
negative values and λ4 lies between
−1
2
and 1
4
. Also, we find that consistency with LHC
signal strength favours a light doubly charged Higgs with a mass between 92 GeV and
180 GeV. As to h → Zγ, we get a similar behaviour to the diphoton decay mode but
with slight enhancement with RZγ not exceeding 1.6. Finally, we also study the correlation
between the two decay modes in the mass degenerate scenario. The analysis shows two main
features: First, these modes are strongly correlated in most of the allowed region and are
quite sensitive to the sign of the λ1 with λ1 < 0 favoured by LHC diphoton data.
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APPENDIX: MORE ON α, BFB AND UNITARITY CONSTRAINTS
The basic idea to know more about the mixing angle α is to use the BFB conditions.
Since λ is already positive, we have to scrutinise the set of 6 BFB constraints for the 4
possible values of the mixing angle. First we note that some constraints depend on sin2 α
and cos2 α and are not sensitive to the sign of α. This is true for the second and third
constraints of Eq. (2.16). It turns out that λ2 + λ3 is positive for α = ±(π/4− 2vt/vd) in a
large domain of vt, and for the values of the other parameters as determined in subsection
III-A. This contrasts with α = ±(π/4 + 2vt/vd) where the sign of λ2 + λ3 depends on the
numerical value of vt in the range of interest. So to go further in an analytical way, we
select α = ±(π/4− 2vt/vd) as good candidates, looking for a constraint able to disentangle
these values. So we will turn on constraints depending on λ1 since this parameter depends on
sin 2α. It appears that the first condition in Eq. (2.17) is always positive if α = −π/4+2vt/vd
and if 2m2H± > m
2
A0
, but, for α = π/4− 2vt/vd, there are no simple conditions insuring the
positivity. The last conditions of Eq.(2.16) is always true if m2H0 +m
2
h0 + 2m
2
H±± ≥ 4m2H±,
for α = −π/4 + 2vt/vd (and α = π/4− 2vt/vd as well). To sum up, all the BFB constraints
are verified, in the degenerate scenario and with small vt/vd, if:
α = −π/4 + 2vt/vd,
together with the mass relation:
m2H0 +m
2
h0 + 2m
2
H±± ≥ 4m2H± ≥ 2m2A0 (4.1)
We stress that they are not necessary conditions to ensure BFB conditions Eqs. (2.17, 2.18,
2.19). The last inequality gives numerically mH± >
mA0√
2
≈ 88 GeV. Given this mixing
angle, we obviously see that B is always positive, allowing to remove the absolute value
in Eq. (3.3). Moreover, we also show that ν =
m2H0 −m2h0
2vt
(vd cos 4x + 4vt sin 4x) remains
positive as long as x = vt/vd ∈ [0, 0.699], a large enough interval for our purpose.
Next, taking into account the previous conclusions, we focus on the unitarity constraints,
Eqs. (2.19 - 2.28), and discuss how they behave in nearly degenerate Higgs scenario. The
unitarity requirement along with the set BFB conditions severely constrain the parameter
space that one has to consider for phenomenological studies. Here it is noticeable that one
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gets nice simple formulas and Higgs mass bounds which may be very convenient to use.
If we we assume that vd, Mex take their experimental values, roughly, 246 GeV, 125 GeV
respectively and ∆M = 2 GeV, we only have three unknown parameters to manage: mH±,
mH±± and vt, all GeV-dimensioned.
By keeping the leading terms (until linear in vt), one can see that only vt is not fixed in
Eqs. (2.19, 2.22, 2.24, 2.25+). However, a careful study of those 4 functions shows that the
most efficient one to constrain vt comes from the unitarity bound equation Eq. (2.24) where
vt ≥ ∆M(2 +
√
3 + κπ)
2(κπ − 1) GeV. If κ = 8, then vt ≥ 0.30 GeV.
The second step is to look at the formulas Eqs. (2.20, 2.21, 2.27) which depend both on vt
and mH±. These equations appear as sums of two single variable functions, one depends on
vt while the other depends on mH± , a very useful property that allows to find upper bounds
for mH± . It turns out that we get the best one from Eq. (2.27):
m2H± ≤
κπv2d + 4M
2
ex
6
− ∆MMex(v
2
d − 6v2t )
6vdvt
(4.2)
For κ = 8, the upper bound of mH± found is 487 GeV for vt = 0.30 GeV, and increases to
511 GeV for vt = 1 GeV and to 519 GeV for vt = 5 GeV.
Finally, the other five equations, namely Eqs. (2.23, 2.25−, 2.26+, 2.26−, 2.28)1, contain
mH±± as well as vt and mH±. It appears that all these different equations give the same
numerical results in the allowed domain of vt and mH± . Since these five equations yield
equivalent results, we illustrate with Eq. (2.28):
m2H± ≥
∆M 2 + 12M2ex
24
+
2∆MMexvt
3vd
(4.3)
m2H±± ≤
4(M2ex + κπv
2
d)−∆M 2
12
− ∆MMex(v
2
d − 4v2t )
3vdvt
(4.4)
Numerically, we obtain mH± ≥ 88 GeV as found before in Eq. (4.1), which is compatible
with the LEPII combined lower limit [23] and agrees also with the bounds established by
1 2.25−, 2.26+, 2.26− refer to Eq. (2.25) and Eq. (2.26) with − or + sign.
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the LHC [34, 35]. In the case of doubly charged Higgs, for κ = 8, we find mH±± ≤ 666 GeV
for vt = 0.30 GeV, mH±± ≤ 701 GeV for vt = 1 GeV and mH±± ≤ 712 GeV for vt = 5 GeV.
These mass predictions accommodate well the experimental upper limits mH±± reported by
the current search for multilepton final states performed by CMS [37] and ATLAS [36].
Note that the redundancy in the last studied equations is a consequence that the number
of combined equations involving together BFB and unitarity constraints is smaller than the
sum of the numbers of equations for the two separate sets given by Eqs. (2.29-2.35).
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FIG. 1. The Rγγ (left) and RZγ (right) ratios as a function of λ1 for various values of mH±± =
{100, 125, 175, 215} GeV with −5 ≤ λ2 ≤ 5 and λ3 = 2λ2.
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FIG. 2. Scatter plots showing the Rγγ (left) and RZγ (right) ratios in the [λ1, λ4] with −1 ≤
λ1 ≤ 3, −5 ≤ λ2 ≤ 5, λ3 = 2λ2 and −3 ≤ λ4 ≤ 1. The charged Higgs bosons masses varie as
110 GeV ≤ mH± ≤ 248 GeV and 92 GeV ≤ mH±± ≤ 328 GeV.
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FIG. 3. Scatter plots showing the Rγγ (left) and RZγ (right) as a function of sinα for various
values of λ4 with −1 ≤ λ1 ≤ 3, −5 ≤ λ2 ≤ 5 and λ3 = 2λ2..
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FIG. 4. The Rγγ (left) and RZγ (right) ratios as a function of mH±± for various values of λ1 with
vt = 1 GeV and ≤ λ2 ≤ 5, λ3 = 2λ2 and −12 ≤ λ4 ≤ 2.
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FIG. 5. Scatter plots showing the Rγγ (left) and RZγ (right) ratios in the [mH ,mH±± ] with
−1 ≤ λ1 ≤ 3, −5 ≤ λ2 ≤ 5, λ3 = 2λ2 and −3 ≤ λ4 ≤ 1.
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FIG. 6. The Rγγ and RZγ correlation with λ = 0.53, −2 ≤ λ1 ≤ 12, −5 ≤ λ2 ≤ 5, λ3 = 2λ2 and
−12 ≤ λ4 ≤ 2.
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FIG. 7. Rγγ (left) and RZγ (right) ratios as a function of λ1 for various values of vt with λ = 0.530,
−1 ≤ λ1 ≤ 3, −5 ≤ λ2 ≤ 5, λ3 = 2λ2 and −3 ≤ λ4 ≤ 1.
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